Summary

28
Altered neural dynamics in medial prefrontal cortex (mPFC) and hippocampus may contribute 29 to cognitive impairments in the complex chromosomal disorder, Down Syndrome (DS). Here, 30 we demonstrate non-overlapping behavioural differences associated with distinct 31 abnormalities in hippocampal and mPFC electrophysiology during a canonical spatial memory 32 task in three partially trisomic mouse models of DS (Dp1Tyb, Dp10Yey, Dp17Yey) that 33 together cover all regions of homology with human chromosome 21 (Hsa21). Dp1Tyb mice 34 showed slower decision-making (unrelated to the gene dose of DYRK1A, which has been 35 implicated in DS cognitive dysfunction) and altered theta dynamics (reduced frequency, 36 increased hippocampal-mPFC coherence, increased modulation of hippocampal high 37 gamma); Dp10Yey mice showed impaired alternation performance and reduced theta 38 modulation of hippocampal low gamma; while Dp17Yey mice were no different from wildtype 39 mice. These results link specific hippocampal and mPFC circuit dysfunctions to cognitive 40 deficits in DS models and, importantly, map them to discrete regions of Hsa21.
Introduction
45
Down syndrome (DS) is a complex cognitive disorder arising from trisomy of human 46 chromosome 21 (Hsa21) with an incidence of ~1 in 800 live births worldwide 1 . The current 47 global population of people with DS is estimated at 6 million 2 and prevalence is rising, 48 primarily due to an increase in maternal age (a major risk factor for DS) and increased life 49 expectancy in people with DS resulting from reduced infant mortality rates and improved 50 access to healthcare [3] [4] [5] . DS is characterised by intellectual disability 6,7 and prominent 51 impairments in planning, decision-making, and memory function 7-12 which likely arise from 52 functional abnormalities of hippocampus and medial prefrontal cortex (mPFC) 6, 8, 9, [13] [14] [15] [16] . 53 Increased dosage of single genes in Hsa21, such as DYRK1A, have been proposed to account 54 for many of the alterations in neural development and abnormal phenotypes associated with 55 DS, and thus to be targets for therapy development 17 . 56 Activity in the hippocampus and mPFC can be characterised by oscillations in the theta and 57 gamma bands. Hippocampal theta oscillations are associated with translational movement 58 18, 19 and mnemonic function 20-22 across species, and can modulate synaptic plasticity 23 . 59 Moreover, hippocampal theta modulates the amplitude of concomitant gamma oscillations 60 both locally and across the neocortex [24] [25] [26] , and task-related increases in phase-amplitude 61 coupling are associated with successful memory encoding 27 . In humans, theta oscillations in 62 mPFC are observed during working memory maintenance 28,29 and long-term memory 63 retrieval 30, 31 , while increases in theta coherence between hippocampus and mPFC are 64 associated with planning and decision-making across species [32] [33] [34] [35] [36] . 65 To further elucidate the neural mechanisms underlying cognitive deficits associated with DS, 66 we studied three chromosome engineered mouse models that each exhibit trisomy for one 67 region of orthology with human chromosome Hsa21 -referred to here as the Dp1Tyb, 68 Dp10Yey and Dp17Yey strains (full nomenclature given in Materials and Methods) 37, 38 . In 69 combination, these three mouse strains are triplicated for almost all the genes on Hsa21. We 70 hypothesised that these trisomic mice might exhibit distinct cognitive impairments, 71 corresponding to distinct alterations in oscillatory activity patterns within hippocampus and 72 mPFC 15, 16 . Hence, we carried out simultaneous local field potential (LFP) recordings from 73 those regions while mice performed a canonical spatial alternation task which, importantly, 74 can dissociate mnemonic function (i.e. alternation success) 39-41 from planning and decision-75 making processes (i.e. trial latency) [42] [43] [44] [45] . 76 Here, we demonstrate that distinct behavioural impairments associated with DS are exhibited 77 by animals with different regions of homology and, crucially, that these impairments are 78 associated with distinct alterations in neural dynamics across hippocampus and mPFC. 79 Moreover, reducing the 'dose' of Dyrk1a -a gene which has been suggested to be critically 80 important for neural function in DS 46-51 -was not sufficient to rescue the observed differences 81 in behaviour, supporting the concept that cognitive impairments in DS do not necessarily map 82 to single genes. By taking an unbiased approach to the gene content of these partially trisomic 83 mice, and by combining behavioural and electrophysiological methodologies, we have 84 therefore identified critical circuit dysfunction in DS models that paves the way for future 85 determination of key dosage-sensitive gene combinations underlying cognitive phenotypes in 86 this complex chromosomal disorder.
87
Results
88
Impaired Spatial Memory in Dp10Yey Mice and Decision-Making in Dp1Tyb Mice
89
Impairments in planning, decision making, and memory function have a significant impact on 90 the lives of people with DS. In order to dissect the mechanisms underlying these cognitive 91 deficits, we studied three mouse lines that are triplicated for the three mouse chromosome 92 regions syntenic to Hsa21. The Dp1Tyb mouse strain has a 23Mb duplication of the Hsa21- 93 syntenic region of Mmu16 which contains 148 coding genes with orthologues on Hsa21 37 ; 94 the Dp10Yey strain is duplicated for the Hsa21-syntenic region of Mmu10, which encodes 39 95 Hsa21 protein coding genes; and the Dp17Yey line is duplicated for the Hsa21-syntenic region 96 of Mmu17 which encodes 19 protein coding genes 38 . Together, these mice make up a 97 'mapping panel', such that phenotypes found in any one strain are likely to arise from having 98 an additional (i.e. third) copy of the specific Hsa21 orthologues within that strain. 99 We began by comparing cognitive function in male Dp1Tyb, Dp17Yey and Dp10Yey mice at 3 100 months of age with age-and sex-matched WT littermate control cohorts using a canonical for details of electrode placement). Initially, we focused our analyses on a 10s window 165 centred on the time at which animals crossed the decision point, and which would incorporate 166 periods of memory encoding and retrieval from the sample and choice runs, respectively (see 167 Materials and Methods for further details).
168
As expected, average power spectra from the mPFC (Figure 2a-c) , and hippocampus ( Figure   169 2d-f) across all animals showed a prominent peak in the 6-12Hz theta band during this period. These results suggest that hippocampal theta oscillations lead those in mPFC by ~1 radian (equivalent 287 to ~20ms at 9Hz) in all mutant and WT mice, without any differences between groups (Watson-288 Williams test, all p>0.07). Data are presented as box-whisker plots indicating the median, 25th and 289 75th percentiles, minimum and maximum values, with data for individual mice superimposed. Please 290 refer to Supplementary Table 2 for full details of all statistical analyses. 291
Behavioural and LFP Characteristics are preserved across the Lifespan in DS Mouse Models
292
Finally, we asked whether the behavioural and LFP abnormalities observed in Dp1Tyb and 293 Dp10Yey mice persisted throughout life, or were specific to the adolescent period during 294 which they were initially tested 59 . To this end, we repeated tests of alternation behaviour 295 and recorded LFP data from the same animals at six and nine months of age, alongside age 296 matched WT controls (see Supplementary Figure 1c for further details, Supplementary Table   297 3 for animal and trial numbers). Importantly, we found that the differences in both behaviour 298 and neural dynamics described above remained stable throughout this long-term assessment 299 period. 300 First, we found that trial latency was significantly greater in Dp1Tyb mice compared to their 301 WT control group across all three time points (Figure 5a ), and the observed reduction in both Behavioural and LFP data at 3-4months (3m), 6-7 months (6m) and 9-10 months (9m) of age in: (a-e) that Dp1Tyb mice have a lower peak frequency in the theta band in hippocampus and mPFC, 351 an increase in phase-amplitude coupling between theta and high gamma in hippocampus, 352 and a striking increase in theta phase coupling between mPFC and hippocampus -each of 353 which is independent of the observed differences in movement statistics between Dp1Tyb attention, and inhibition 7,9 , resulting in difficulty prioritizing, staying engaged with a task, and 384 consistently responding in the same manner to certain situations 9,81 . Importantly, we found 385 that the increased trial latency observed in these animals was associated with a reduction in 386 theta frequency across both hippocampus and mPFC. It is well established that theta 387 frequency is correlated with running speed in rodents 82 , and so a potential explanation for 388 both of these findings is that Dp1Tyb mice simply moved more slowly in general. However, 389 although we found that Dp1Tyb mice spent more time immobile -presumably, reflecting 390 their inability to retain focus on the task -they exhibited no differences in running speed 391 compared to their WT littermates, and the observed reduction in theta frequency was still 392 present when we restricted our analyses to movement periods only.
393
In addition, we found that the delayed decision-making in Dp1Tyb mice was associated with 
419
Of the 148 protein coding genes within the region duplicated in Dp1Tyb mice, a handful are 420 candidates for further exploration. 421 We note that there may also be critical effects from dosage sensitivity of non-protein coding 422 elements on Hsa21 and our genetically unbiased approach will allow us to map to the DNA 423 region, not to simply focus on the relatively limited set of protein coding elements for which 424 we have functional information. Finding the genes (coding and non-coding) 
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STAR Methods
457
Mouse Cohorts including Breeding and Ethics
458
We examined four mouse strains with the following alleles, previously described in 37, 38, 49 : 459 C57BL/6J.129P2-Dp(16Lipi-Zbtb21)1TybEmcf/Nimr (hereafter referred to as Dp1Tyb); 460 B6;129S7-Dp(10Prmt2-Pdxk)2Yey/J (hereafter referred to as Dp10Yey); B6.129S7 461 Dp(17Abcg1-Rrp1b)1Yey (hereafter referred to as Dp17Yey) and B6.129P2-Dyrk1a tm1Mla .
462
Dp1Tyb, Dp10Yey, Dp17Yey animals were maintained within a facility at University College 463 London, whereas mice for the Dp1Tyb x Dyrk1a tm1Mla/+ intercross were bred at the Francis 464 Crick Institute, to generate Dp1Tyb*Dyrk1aKO mice in which both alleles were on the same 465 chromosome following a genetic crossover. All strains were maintained in separate colonies 466 as hemizygous mutants backcrossed for over ten generations to C57BL/6J, with age-matched 467 WT littermates used as controls. All experiments were undertaken blind to genotype, which 468 was decoded after experimental analysis and reconfirmed using an independent DNA sample 469 isolated from post-mortem tail. to their home cage to allow recovery for at least 14 days after surgery. 499 The transmitter, which has no adverse effects 91 Cognitive function in male mice from each strain and associated age-matched WT controls 508 was assessed using the spontaneous alternation paradigm in an enclosed T-maze apparatus 509 39 . Animals were transferred to the testing room for 1-2 hours before each experiment to 510 habituate to the environment and achieve an optimal state of arousal. Each mouse was then 511 subjected to ~10 trials per session, and sessions were completed at 3, 6, and 9 months of age 512 (see Supplementary Tables 1 and 3 for average trial numbers in each group). 513 During each trial, the animal was first placed in the start chamber for 100s while reference 514 phase LFP was recorded. Next, the guillotine door separating the start chamber from the 515 central arm was raised and the mouse was allowed to run and choose a goal arm. After making 516 a choice, the guillotine doors separating the central arm from each goal arm were slowly 517 lowered, such that the animal was confined in the chosen goal arm which it could then explore 518 for 30s. Next, the animal was transferred back to the start chamber, the guillotine door 519 separating the central arm from the goal arms was raised and, after another 100s delay period 520 in the start chamber, the guillotine door separating the start chamber from the central arm Comparison of (a) spatial alternation rate; (b) trial latency; peak theta frequency in (c) hippocampus 647 and (d) medial prefrontal cortex (mPFC); (e) theta-low gamma and (f) theta-high gamma phase-648 amplitude coupling in the hippocampus; and (g) theta coherence between hippocampus and mPFC 649 across WT cohorts. Data are presented as box-whisker plots indicating the median, 25th and 75th 650 percentiles, minimum and maximum values, with data for individual mice superimposed. There are 651 no significant differences between WT groups in any panel. Please refer to Supplementary Table 2 for  652 full details of all statistical analyses. 653 for each mutant mouse and WT control group, which show no significant differences in any instance. 717
Data are presented as box-whisker plots indicating the median, 25th and 75th percentiles, minimum 718
and maximum values, with data for individual mice superimposed. Please refer to Supplementary 719 Table 2 for full details of all statistical analyses. 720 
